Thymic myoid cells correspond to a muscle-like cell population present in the thymic medulla. They are well conserved throughout species evolution, but their biological role is not known. We demonstrated that myoid cells protected thymocytes from apoptosis as evidenced by a strong decrease of annexin-V-FITC positive thymocytes. This effect was (1) specific of myoid cells compared to thymic epithelial cells; (2) dependent on direct cell-to-cell contacts and (3) triggered rapidly after 2 h in cocultures. This protective phenomenon was due to the activation of prosurvival mechanisms. Indeed, myoid cells activated extracellular-regulated kinases (ERK1/2) and Akt in thymocytes. Myoid cells also influenced thymocyte maturation. We observed an increase in CD4 þ and a decrease in CD8 þ single positive (SP) thymocytes when cocultured with myoid cells, independently of a CD8 þ SP increased death or a CD4 þ SP overproliferation. Consequently, thymic myoid cells protect thymocytes from apoptosis and could also modulate their differentiation process.
Introduction
The thymus provides a complex environment essential for T-cell development. Differentiation of T cells occurs while they are progressing through the different thymus compartments. In their first differentiation steps, immature T-cell precursors become progressively double positive (DP) for CD4 and CD8 coreceptors and acquire a complete T-cell receptor (TCR). Further successful differentiation of thymocytes depends on the quality and the specificity of the interaction of their TCR with selfmajor histocompatibility complex (MHC). Only a few DP thymocytes pass successfully positive selection and are exported out of the thymus. The large majority of thymocytes die either because the TCR-MHC interaction is too weak (death by neglect) or, in contrast, because the TCR-MHC interaction is too strong (negative selection, self-tolerance). Positively selected DP thymocytes end up single positive (SP) cells for either CD4 or CD8 (lineage commitment): DP thymocytes expressing MHC class II specific TCR differentiate into CD4
þ SP (T helper cells) whereas those expressing MHC class I specific TCR differentiate into CD8
þ SP (T cytotoxic cells). 1 Different signaling pathways modulate apoptosis versus survival balance in thymocytes and, consequently, control their differentiation process. Akt is a serine/threonine kinase, playing a prominent role in cell survival. 2 In lymphocytes, Akt is activated by diverse extracellular signals such as cytokines, TCR signaling and CD28. 2, 3 Mitogen-activated protein kinase (MAPK) cascades play also an important role in inducing either apoptosis or cell survival. The cJun NH2-terminal kinase/stress-activated protein kinase (JNK/SAPK) 4 and the p38 MAPK cascades 5 are mainly activated by cellular stresses and their activation is generally associated with apoptosis. 6 In contrast, the extracellular-regulated kinase (ERK) cascade, involving ERK1 and ERK2, is especially involved in cell proliferation and also in cell survival. 6, 7 Moreover, in thymocytes, the ERK signaling pathway regulates positive and negative selection, and lineage commitment. 8 The activation of these various signaling pathways allows thymocytes to integrate information from lymphostromal interactions, which are crucial to determine the fate of T cells within the thymus.
The thymus is divided in two main compartments, cortex and medulla, containing epithelial cells (TEC). T-cell differentiation occurs through TCR-MHC interactions between T cells and TEC and also between T cells and dendritic cells or macrophages embedded within the TEC network. It is noteworthy that mesenchymal cells, such as fibroblasts, are also necessary for T-cell differentiation. 9 Myoid cells in the thymus correspond to a rare cell population localized in the medulla and at the cortico-medullary junction. [10] [11] [12] They possess the antigenic characteristics of skeletal muscle cells and express MyoD, desmin, troponin T, rapsyn, utrophin and the acetylcholine receptor. [11] [12] [13] Under the term 'myoid cells', defining muscle-like cells, different cells have been described. In testis, myoid cells are involved in the contraction of seminiferous tubules. 14 The presence of myoid cells in human bone marrow has also been observed during hematopoiesis in embryonic life and in some pathological conditions and autoimmune disorders during adult life. 15 Thymic myoid cells play probably an important role in the thymus as they are well conserved throughout species evolution. However, their biological role remains unclear. Up to now, researchers have mainly been interested in thymic myoid cells because they are suspected to be involved in Myasthenia Gravis: an autoimmune disease characterized by muscle weakness due to autoantibodies directed against acetylcholine receptor and where thymus is the effector site. 16, 17 We are interested in the physiological role of myoid cells within the thymus. We analyzed in vitro thymocyte behavior when cocultured with a myoid cell line developed in our laboratory. 11 We observed that myoid cells protected thymocytes from apoptosis. We then investigated the biological mechanisms and the signaling pathways involved in this protective effect wondering if it was either due to the activation of prosurvival signaling pathways or to the inhibition of proapoptotic signaling pathways. We also showed that in vitro myoid cells were able to modulate lineage commitment of thymocytes favoring CD4 þ SP thymocytes.
Results

Myoid immortalized thymic cells (MITC) protected thymocytes from apoptosis in vitro
To investigate the in vitro effects of myoid cells on thymocytes, freshly isolated thymocytes were cultured in monoculture (control) or in coculture with MITC. The apoptotic state of thymocytes was analyzed at different time points, using flow cytometry. After 24 h in coculture with MITC, thymocytes presented a strong decrease of 38.6%73.5 (n ¼ 13, Po0.0001) of the percentage of annexin-V-FITC positive cells in R1 (viable thymocytes) gate (Figure 1b, c) and an increase of 30.6%75 (n ¼ 13, Po0.0001) of the R1/R2 (viable/dead thymocytes) ratio (Figure 1c) .
In time course experiments, the decrease in annexin-V-FITC labeling due to MITC was detectable from 2 h after thymocyte seeding, increased progressively up to 24 h (Figure 1d ) and was still observed up to 72 h (data not shown). We also detected quite rapidly an increase in the R1/R2 ratio after 6 h in coculture. These results showed that MITC triggered rapidly a mechanism protecting thymocytes from apoptosis in vitro.
The protective effect of MITC is specific compared to TEC To evaluate if this protective role of MITC was specific and not due to a general cellular effect, we compared MITC and TEC effects on thymocyte behavior in vitro. In coculture with MITC, the expected decrease in annexin-V-FITC labeling of thymocytes was observed. In contrast, in coculture with TEC, the annexin-V-FITC labeling of thymocytes was even higher than in monoculture ( Figure 2 ). These data demonstrated that MITC specifically protected thymocytes from apoptosis in vitro compared to TEC.
The protective effect of MITC was dependent on direct cell contacts
The biological effects observed during coculture could be due to direct cell-to-cell contacts or to the release of soluble factors by myoid cells. 11, 12, 18 To avoid any direct cell contacts between MITC and thymocytes, these last were seeded within cell culture inserts. In these culture conditions, we did not observe the decrease in the annexin-V-FITC labeling of thymocytes normally occurring when cultured directly onto MITC. Indeed, the labeling of thymocytes using cell culture inserts was similar for cultures with or without MITC in the lower compartment (Figure 3a, b) . We also analyzed the effects of a MITC-conditioned culture medium on the annexin-V-FITC labeling of thymocytes after 24 h in culture ( Figure 3c ).
As for experiments using cell culture inserts, the MITCconditioned medium did not protect thymocytes.
These observations demonstrated that the protective effect of MITC on thymocytes was dependent on direct cell-to-cell contacts.
The protective effect of MITC involved Akt and ERK1/2 activation in thymocytes
We investigated the signaling pathway(s) involved in the protective effect of MITC on thymocytes in vitro. MITC induced Akt and ERK1/2 phosphorylation in thymocytes from 30 min up to, at least, 24 h (Figure 4 ). These MITC-specific phosphorylations were not observed in thymocytes seeded within cell culture inserts demonstrating that cell contacts were necessary as for the MITC protective effect. No activation of JNK/SAPK or p38 MAPK kinases was observed in thymocyte monocultures or when thymocytes were cocultured with MITC. However, both MAPK groups could be activated in our experimental conditions by an ultraviolet C treatment (data not shown).
We then analyzed if inhibitors of the ERK and Akt pathways could reverse the protective effect of MITC towards thymocytes. Akt is activated downstream of phosphatidylinositol 3-kinase (PI3K) and its activity is inhibited by LY294002 (a PI3K inhibitor). ERK1/2 signaling pathways are inhibited by U0126, an inhibitor of MEK1/2 acting upstream ERKs. ERK1/2 and Akt phosphorylations induced by MITC were efficiently inhibited by U0126 or LY294002 from 2.5 mM (Figure 5a, b) . Moreover, LY294002 was able to partially inhibit ERK1/2 phosphorylations induced by MITC (Figure 5a ). In contrast, Akt phosphorylation was not inhibited in U0126 treated cells (Figure 5b ).
To prove that these kinases were effectively involved in the protective effect of MITC, we investigated the effects of U0126 and LY294002 on the annexin-V-FITC labeling of thymocytes. Cells were treated with U0126 or LY294002 from 5 to 40 mM. It is worth noting that U0126 is commonly used at 10 mM and LY294002 at 10-100 mM to inhibit various cellular functions while they can inhibit the phosphorylation of Akt and ERK1/2 at lower concentrations, respectively. 19, 20 In our experiments, we observed that U0126 and LY294002 inhibited in a dose-dependent manner the protective effect of MITC from 10-20 mM according to the experiment (Figure 5c, d ). However, contrary to U0126, LY294002 was not able to completely block the protective effect of MITC cells towards thymocytes. We carried on the same experiments using a selective inhibitor of Akt (SH-6). We observed from 10 to 20 mM, an inhibition of the protective effect of MITC towards thymocytes (Figure 5e ), confirming the involvement of Akt in the protective effects of MITC. We also wondered if the combined inhibition of Akt and ERK1/2 signaling could be more efficient. However, LY294002 and U0126 used together at 20 mM, did not lead to a stronger inhibition of the protective effect of MITC compared to when inhibitors were used alone (data not shown).
All these data suggest that the protective effect of MITC was essentially mediated via ERK1/2 and also partly by Akt; Akt acting probably upstream of ERKs. MITC favored the emergence of SP CD4 þ over SP CD8 þ From double negative (DN: CD4 À CD8 À ) while entering in the thymus, thymocytes become progressively DP and end up SP for either CD4 or CD8. A decrease in CD8 þ SP and an increase in CD4 þ SP were observed when thymocytes were cocultured with MITC ( Figure 6a ). This difference between the CD4 þ SP and CD8 þ SP subpopulations was observed after 24 h in coculture and was even more important after 48 h (Figure 6b ).
This effect was not due to a differential protective effect of MITC towards particular thymocyte subpopulation. Indeed, using a three-color labeling method (CD4-Cy5, CD8-PE, annexin-V-FITC), we observed a similar protective effect of MITC for CD4 þ SP or CD8 þ SP thymocytes ( Figure 6c ) and also for DP or DN (data not shown).
To determine if, when cocultured with MITC, the difference between the CD4 þ SP and CD8 þ SP subpopulations was not due to an overproliferation to CD4 þ SP, we used CFSElabeled thymocytes to follow their rate of proliferation. In our culture conditions, thymocytes proliferated at a very low rate with a fluorescence mean varying from 239.572.5 (duplicate measures) at 24 h to 130.872.7 (duplicate measures) at 96 h, in a representative experiment. This was not due to a quenching of the fluorescence as blocking the protein synthesis with cycloheximide blocked the fluorescence mean at 236.778.7 (n ¼ 8, duplicate measures made from 24 to 96 h). We cultured CFSE-labeled thymocytes either in monoculture or in coculture with MITC and labeled these cells for CD4 and CD8 at 24, 48 or 72 h. Whatever the culture conditions, we did not observe any significant differences in the fluorescence means for all thymocytes, CD4 þ SP or CD8 þ SP gated in R1 (Figure 6d ). Thus, MITC did not decrease the CFSE labeling of CD4 þ SP subpopulation. They even seemed to slightly slow down the CFSE decrease in all thymocytes subtypes but this was never significant.
Consequently, the decrease of CD8 þ SP and the increase in CD4
þ SP observed when thymocytes were cocultured with MITC, were not due to an increased death of CD8 þ SP subpopulation nor to an overproliferation of CD4 þ SP subpopulation. 
Discussion
In the experiments described herein, we tried to understand the role of thymic myoid cells and we analyzed their effects on thymocytes. In a first instance, we showed that the human myoid cell line (MITC) protected thymocytes from apoptosis occurring spontaneously in vitro. This was demonstrated by a decrease in the annexin-V-FITC labeling of thymocytes and an increase in the ratio corresponding to the number of viable over dead thymocytes. We then investigated in details this biological phenomenon.
(1) Different observations demonstrated that the protective effect of myoid cells towards thymocytes was not due to an effect on thymocyte proliferation. Indeed, no significant variation in the total number of thymocytes was observed between thymocytes in monoculture or in coculture with MITC (data not shown). We also showed using mitomycin C (an antiproliferative compound) that the protective effect of MITC on thymocytes was similar for mitomycin Cor for nontreated thymocytes. 21 Moreover, using CFSElabeled thymocytes, we did not detect any significant variation in the means of fluoresecence between thymocytes in monoculture and in coculture with MITC.
(2) We demonstrated that myoid cells protected specifically thymocytes from apoptosis. In our coculture model, using TEC instead of MITC, we increased thymocyte apoptosis in vitro as previously described. 22, 23 It is noteworthy that Rinner et al. analyzed the distinct effects of TEC lines from either the thymus cortex or the medulla. In coculture, both cell lines induced thymocyte apoptosis. However, in coculture with intact fetal thymic fragments, thymocytes were protected from apoptosis induced by medullary TEC but not by cortical TEC. These observations suggest that the thymus microenvironment protected thymocytes from apoptotic signals delivered by medullary TEC. Together with our results, we can hypothesize that myoid cells localized especially in the medulla compartment could counteract apoptotic signals delivered by medullary TEC. 24 To test this hypothesis, we cocultured thymocytes onto monolayers composed of different proportions of MITC and TEC, especially as TEC possess mainly medullary TEC properties in our culture conditions. 11 We observed a progressive decrease of the protective effect of MITC as the proportion of TEC increased (data þ SP or CD8 þ SP thymocytes (representative experiment out of three). (d) Thymocytes were labeled with 2 mM CFSE and cultured for 72 h either in coculture with MITC or in monoculture treated or not with 5 mg/ml of cycloheximide (CHX). CFSE labeling was analyzed after a double labeling with RPE-Cy5-CD4 and PE-CD8 antibodies. Histograms represent the CFSE labeling for viable thymocytes and CD4 þ SP or CD8 þ SP (fluorescence means are given for the corresponding histograms, representative histograms out of three experiments) not shown). These results indicate that both cell types influence thymocyte viability and therefore a high number of myoid cells in the medullary area could affect the viability of the neighboring thymocytes. (3) We proved that the protective effect of myoid cells towards thymocytes was mediated through direct cell-tocell interactions and was not due to soluble factors. Indeed, MITC were not able to protect thymocytes when they were seeded within cell culture inserts. Moreover, an MITC-conditioned medium did not affect the spontaneous apoptosis of thymocytes in vitro. However, myoid cells secrete soluble factors 11, 12, 18 and Kamo et al. observed that conditioned culture medium from rat thymic myoid cells can stimulate thymocyte proliferation. 25 What kind of direct cellular interactions trigger the protective effect of myoid cells ? Numerous membrane components could be involved and one could wonder whether MHC molecules are implicated. Our data do not support this hypothesis. (i) MITC does not express MHC class II molecules; 11, 12 (ii) MITC express MHC class I molecules but TEC also express almost exclusively MHC class I molecules in our culture conditions 26 while they did not protect thymocytes from apoptosis and even induced it. Therefore, the implication of TCR-MHC interactions in the protective effect of myoid cells towards thymocytes can be excluded. We previously demonstrated the expression on myoid cells of LFA-3 (CD58) antigen; which could allow thymocyte-myoid cell interactions. 12 However, as for MHC class I molecules, LFA-3 is also expressed by TEC and the molecule(s) involved in the protective effect of myoid cells is (are) probably specifically expressed on these cells and not on TEC.
The protective effect of myoid cells on thymocytes was triggered rapidly from 2 h in coculture, suggesting that myoid cells modulated early signaling pathway(s) essential for thymocyte protection.
We wondered if it was due to the activation of prosurvival signaling pathways involving Akt or ERKs, or if it was due to the inhibition of proapoptotic signaling pathways as those involving JNK/SAPK or p38 MAPK. Indeed, apoptosis has been directly linked to JNK/SAPK or p38 MAPK activation. 27 However, we were not able to detect any activation of JNK/ SAPK and p38 MAPK in thymocytes cultured with or without MITC (data not shown). In contrast, MITC induced an early and prolonged activation ERK1/2 and Akt in thymocytes. We then demonstrated that ERK1/2 and Akt activation in thymocytes were effectively involved in the protective effect triggered by MITC. First, ERK1/2 and Akt activations were dependent on direct MITC-thymocyte contacts as was the decrease of annexin-V-FITC labeling of thymocytes. Secondly, inhibitors of ERK1/2 (U0126) and Akt (LY294002 or SH-6) signaling pathways inhibited the protective effect of MITC towards thymocytes. We also underlined that Akt and ERK1/2 might be involved in a single signaling pathway. Indeed, when used together U0126 and LY294002 did not have more effect in inhibiting the MITC protective effect. Moreover, LY294002 partially inhibited ERK1/2 phosphorylations induced by MITC, while U0126 did not inhibit Akt phosphorylation, suggesting that ERK1/2 were activated downstream of the PI3K/Akt pathway. However, as Akt inhibition seems to be less efficient than ERK1/2 inhibition to cancel the protective effect of myoid cells towards thymocytes, we suggest that other kinases could act upstream ERK1/2, typically MAPK-ERK kinase (MEK) 1/2. Although the ERK1/2 and Akt signaling pathways are usually described as independent, recent reports suggest a certain degree of crosstalk between these two cascades. Na et al. 28 described that Akt enhanced ERK activity modulating thymocyte selection and T-cell activation. The involvement of Akt in cell survival is well documented. 2, 6 Concerning ERKs, their prosurvival effects have been mainly linked to their ability to stimulate cell proliferation. However, as for Akt, ERKs can also directly influence cell survival. Akt and ERKs induce the expression of antiapoptotic molecules such as Bcl-2 and Bcl-xl, 29, 30 but they also inhibit the expression of pro-apoptotic molecules or their activity. For example, Akt and ERKs phosphorylate Bad on distinct serines blocking its proapoptotic effects. 31, 32 They also phosphorylate and inhibit caspase-9 promoting cell survival. 33, 34 To conclude about the protective effect of MITC towards thymocytes, we suggested that MITC activated in thymocytes, a 'prosurvival' or 'antiapoptotic' signaling pathway involving especially ERK1/2 but also Akt which is acting upstream of ERK1/2.
Thymocyte behavior is tightly linked to interactions with stromal thymic cells. In the process of understanding the role of myoid cells, we also analyzed their effects on different thymocyte subpopulations. We observed a progressive increase in CD4 þ SP and a decrease in CD8 þ SP populations when thymocytes were cocultured with MITC. These variations in the CD4 þ SP and CD8 þ SP could not be explained by a differential protective effect of MITC towards distinct thymocyte subpopulation as MITC equally decreased the annexin-V-FITC labeling of CD4 þ SP, CD8 þ SP, DP or DN thymocytes.
We can hypothesize that MITC favored CD4 þ SP versus CD8 þ SP proliferation. However, if the increase in CD4 þ SP thymocytes was due to a specific overproliferation of this subpopulation, we should have globally observed a decrease in the number of CD8 þ SP but also of DP and DN. We did observe a decrease in CD8 þ SP but no concordant decrease in DP and DN. Moreover, using CFSE-labeled thymocytes, we did not detect any significant differences in the proliferative state of CD4 þ SP in monoculture or in coculture with MITC. It seems thus that the observed variations in the CD4 þ SP and CD8 þ SP subpopulations is due to something more complex than a simple over-proliferation of CD4 þ SP thymocytes when cocultured with myoid cells.
We can also consider that the CD4 þ SP increase and the CD8 þ SP decrease are due to an effect of MITC on thymocyte differentiation. The differentiation of DP thymocytes in either CD4 þ SP or CD8 þ SP (lineage commitment) has been essentially linked to TCR-MHC interactions: DP thymocytes expressing MHC class II specific TCR differentiate into CD4 þ SP whereas those expressing MHC class I specific TCR differentiate into CD8 þ SP. MITC express MHC class I but no MHC class II molecules. 11, 12 Consequently, if the lineage commitment was strictly determined by the specificity of the TCR-MHC interactions, we should have ended up with more CD8
þ SP than CD4 þ SP thymocytes in our coculture model with MITC as they only express only MHC class I molecules. 11, 12 Consequently, thymocyte differentiation do not seem to only depend on the specificity of the TCR-MHC interactions.
The protein tyrosine kinase Lck, which is expressed mainly in T cells throughout development, associates noncovalently with the cytoplasmic tails of both CD4 and CD8. Lck associates more efficiently with CD4 than CD8 and the level of total Lck activation seems to determine CD4 differentiation (strong Lck activation) or CD8 differentiation (weak Lck activation). However, it has been shown that thymocytes carrying a class I restricted TCR developed into functional CD4 T cells when Lck activity was increased. 35 Moreover, in experiments where TCR were crosslinked with conventional antibodies, CD4 but not CD8 thymocytes were generated presumably because these antibodies aggregated and gave a strong signal activating Lck. 36 We can thus hypothesize that the MHC class I signal delivered exclusively by MITC in our coculture model overwhelmed normal TCR-MHC class I interaction, strongly activating Lck and favoring CD4
þ SP differentiation instead of CD8 þ SP. Lineage commitment has also been shown to be dependent on the activation of the ERK and Akt pathways: ERK and Akt activation both favored positive selection toward the CD4 lineage. 28, 37 In coculture with MITC, we observed a prolonged activation of Akt and ERK1/2, which could thus favor DP thymocyte differentiation in CD4 þ SP instead of CD8 þ SP thymocytes. These observations suggest that MITC could modulate thymocyte differentiation in vitro. Thymic myoid cells, localized at the cortico-medullary junction and in the medulla, could deliver additional signals necessary for a complete thymocyte differentiation. Similarly, myoid cells from the bone marrow have been involved in the regulation of hematopoietic precursor behavior. 38 Our data, together with the literature, underline that T-cell maturation in the thymus is under the control of the thymic microenvironment. If the thymic epithelium (cortical and medullary TEC) is known to play an important role in T-cell development, other thymic stromal cells seem to be indispensable. Mesenchyme-derived fibroblasts are required for early T-cell development. 9 Dendritic cells and macrophages are involved in the proper thymocyte differentiation and even in thymocyte survival. [39] [40] [41] The end of the differentiation process for thymocytes occurs in the medulla where they have been shown to reside up to 2 weeks before being exported to the periphery. What happens during this period is not well known. Myoid cells are well conserved throughout species evolution and are probably indispensable for the maturation process of thymocytes. Myoid cells could protect thymocytes from the apoptotic signals delivered by other stromal cells but could also provide additional signals necessary for thymocytes to complete their differentiation.
Materials and Methods
Cells
Myoid cell line (MITC) was established in our laboratory as described in Wakkach et al. 11 Briefly, thymic stromal cells were immortalized using a plasmid vector encoding the SV40T oncogene. Among the cell lines obtained, one possessed cellular characteristics and markers of skeletal muscle cells observed on normal myoid cells. In all experiments, we used an RPMI medium composed of RPMI 1640 with Glutamax I supplemented with 10% fetal calf serum, unless otherwise stated. Thymic epithelial cells (TEC) were cultured from fresh thymic fragments finely cut with scissors and seeded onto cell culture flasks as previously described. 25 The culture medium for TEC was composed of RPMI 1640 with Glutamax I supplemented with 20% horse serum and 0.2% ultroser G. This medium was changed every 2-3 days for 14 days. TEC were recovered after trypsin digestion, filtered through a gaze, centrifuged 10 min at 1200 rpm and directly seeded for coculture experiments.
Thymocytes were obtained from fresh thymic fragments. Thymic fragments were cleaned and cut with scissors in HBSS, releasing thymocytes in the medium. Thymocytes were recovered after filtration through a gaze, centrifuged 10 min at 1200 rpm and homogenized in RPMI medium.
In all experiments, we used fresh thymic fragments from children undergoing corrective cardiovascular surgery at the Marie Lannelongue hospital (Le Plessis Robinson, France). All cell culture products were from Gibco Life Technologies (Cergy-Pontoise, France).
Cell culture models
MITC and TEC possess different proliferation properties. For our cocultures, these cells were thus seeded at different rates (respectively, 2 Â 10 4 or 1 Â 10 5 cells/well in 24-well plates (Becton Dickinson-Falcon, Le pont de claix, France)) in order to reach sub-confluency after 3 days (around 2.5 Â 10 5 cells/well). Freshly isolated thymocytes were then seeded in RPMI medium at 1 Â 10 6 cells/well onto 3-day-old MITC cultures, TEC cultures or directly in empty wells. Thymocytes were recovered from these cocultures at different time points according to the experiments. A small percentage of thymocytes bound to MITC but these interactions were quite easily disrupted.
This coculture model was also modified and thymocytes were cultured within cell culture inserts for 24-well plates (1 mm pore size, Becton Dickinson-Falcon). Thymocytes and MITC were separated in two different compartments delimitated by the microporous membrane of the inserts, which prevents cell migration through pores but allows the diffusion of most soluble molecules.
MITC-conditioned culture medium was prepared by incubating MITC for three days in RPMI medium. A nonconditioned culture medium was prepared in parallel to MITC-conditioned medium in plates containing no cell. After 3 days in the incubator, supernatants were collected, centrifuged and used onto freshly isolated thymocytes for 24 h in culture.
To analyze the effects of pharmacological compounds, thymocytes were treated just after seeding. LY294002 (PI3-kinase inhibitor) and U0126 (MAPK/ERK kinase 1/2 (MEK1/2) inhibitor) were from Alexis Biochemicals (Qbiogene, Ilkirch, France) and SH-6 (Akt inhibitor) was from Calbiochem (VWR, Fontenay-sous-Bois, France).
Evaluation of the apoptotic state of thymocytes using FACS flow cytometry Apoptosis was evaluated by quantifying phosphatidylserine residues exposed on apoptotic cell membranes. For each assay, 1 Â 10 6 thymocytes were washed with PBS and incubated in 100 ml of binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 5 mM CaCl2) containing 1 ml of human recombinant FITC-conjugated annexin-V (Roche Diagnostics, Meylan, France) and 2 ml of propidium iodide (50 mg/ml, Becton Dickinson). After 15 min of incubation in the dark, a dual color analysis was performed on a FACScan flow cytometer (Becton Dickinson). In the analysis conditions used, the side-scatter (SSC-H) and forwardscatter (FSC-H) features have been determined to gate precisely on thymocytes. MITC correspond to bigger cells compared to thymocytes and even if a few myoid cells detached themselves from the plate they could not interfere with the measures on thymocytes. Apoptotic thymocytes present distinct SSC and FSC features allowing to delimitate the R1 and R2 gates (Figure 1a) : the R1 gate contains viable cells while the R2 gate contains mainly apoptotic cells (with 95.6%71.6 (n ¼ 5) annexin and PI positive cells). The ratio of the number of thymocytes in R1 over R2 was evaluated. The percentage of annexin-V-FITC stained thymocytes was analyzed in the R1 gate on a log FL1 versus log FL2 dot plot where quadrants were adjusted according to unstained control cells.
Analysis of the behavior of thymocyte subpopulations using FACS flow cytometry
To analyze thymocyte subpopulations (CD4 þ SP, CD8 þ SP, DP, DN), thymocytes were stained with R-phycoerythrin (RPE)-Cy5-conjugated anti-CD4 (Dako, Trappes, France) and phycoerythrin (PE)-conjugated anti-CD8 (Dako) antibodies for 30 min at 41C before being labeled with annexin-V-FITC. The analysis was performed on a FACScan flow cytometer and the proportion of annexin-V-FITC positive cells was analyzed in CD4 þ SP, CD8 þ SP, DP and DN thymocyte subpopulations. Cellular proliferation of thymocyte subpopulations was analyzed by labeling thymocytes with CFSE (Carboxyfluorescein diacetate succinimidyl ester, Molecular Probes/Invitrogen, Cergy-Pontoise, France). CFSE spontaneously and irreversibly couples to cellular proteins and a proportional decrease in CFSE labeling can thus be observed as cells divide. Freshly isolated thymocytes were washed twice in PBS and 1 Â 10 7 cells/ml were labeled with 2 mM CFSE for 10 min at 371C in the dark. The staining was terminated by two washes in RPMI medium supplemented with 10% fetal calf serum and labeled thymocytes were seeded as previously described. Labeled thymocytes were also treated with 5 mg/ml of cycloheximide (Sigma, Saint Quentin Fallavier, France) to block protein synthesis, inhibiting consequently the CFSE decrease (negative control). After different times, thymocytes were stained with RPE-Cy5-conjugated anti-CD4 and PE-conjugated anti-CD8 antibodies and analyzed on a FACScan flow cytometer on the R1 (viable thymocytes) gate and on either CD4
þ SP or CD8 þ SP thymocyte gates.
Western blot analysis
Thymocytes were recovered in ice-cold PBS, centrifuged at 1200 rpm for 5 min at 41C and the pellets resuspended in lysis buffer containing 25 mM HEPES (pH 8), 0.2 mM EDTA, 1.5 mM MgCl2, 0.3 M NaCl, 0.1% Triton X-100, 0.1 mM orthovanadate, 2 mM PMSF and protease inhibitors (Complete, Roche Diagnostics). Cell suspensions were rotated at 41C for 30 min and the extracts cleared by centrifugation at 13 000 Â g for 10 min at 41C. The supernatants were mixed with 4 Â SDS-PAGE sample buffer. Supernatant fractions containing equal amounts of protein were then separated by 10% SDS-polyacrylamide gels and transferred onto polyvinylidene difluoride membrane (PerkinElmer Life Sciences, Courtaboeuf, France). The membranes were blocked for 1 h with 5% dried milk in TBST (20 mM Tris-HCl (pH 8), 150 mM NaCl and 0.05% and incubated overnight at 41C in TBST containing 5% BSA with antibodies recognizing either phospho-Akt, Akt or phospho-ERK1/2 (1 : 1000; Cell Signaling -Ozyme, Saint Quentin en Yveline, France). After 3-4 washes of 5-10 min in TBST, the membranes were incubated for 1 h with a donkey peroxidase-conjugated anti-rabbit IgG antibody (1 : 2000; Amersham Biosciences, Orsay, France) in TBST containing 5% dried milk. The membranes were finally washed 3-4 times 5-10 min in TBST before the detection of the immune signal using the ECL method (Lumi Light plus , Roche Diagnostics).
Statistical analysis
Results are expressed as mean7S.E.M. The paired Student's t-test was used throughout and P was always calculated compared to thymocyte monocultures.
